Abstract
Introduction
Renewable energy resources have attracted attention worldwide due to scarcity and rising prices of fossil fuels. These are considered to be important in improving the reliability of energy supplies by minimising the dependency of fossil fuels and reducing the emission of greenhouse gases. Wind turbines can be either constant speed, which rotate at a constant speed irrespective of wind speed or variable speed in which speed varies in accordance with the wind speed. In the early stage of wind power development, the fixed speed wind turbines with squirrel cage induction generators were in use. Energy efficiency is very low for fixed speed wind turbines for varying wind speed.
In recent years, wind turbine technology has shifted from fixed speed to variable speed. Variable speed machines have various advantages. They reduce mechanical stresses, dynamically adjust in case of power or torque pulsations and improve power quality and efficiency. Various generators can be used for the variable speed operation of wind turbine. But, variable speed operation of wind turbine using DFIG is very attractive because of its many inherent advantages. Generator speed can be varied below and above the synchronous speed within a specified range which further depends on the rating of converters. Converters handle only slip power which is just a fraction of the total power. This leads to the reduction in the converter rating and hence the reduced cost [1, 2] . The bidirectional power flow is achieved by using back to back pulse width modulated Insulated gate bipolar transistors based voltage source converters with a common d.c. link. In grid connected systems, these converters are referred as rotor side converter and grid side converter. In case of standalone systems, where grid is not there, grid side converter is named as load side converter. In this configuration, decoupled active and reactive power control is obtained using stator voltage oriented control or stator flux oriented control of rotor side converter.
Modelling of DFIG
The equivalent circuit of DFIG in dq reference frame is: 
Figure 1. Equivalent Circuit of DFIG
The various equations representing the behaviour of DFIG in dq reference frame are: 
Stator Voltage Oriented Control
In this scheme, stator voltage vector is oriented along the d-axis. Hence qs V =0.
From the power equations (9) and (10) 
Grid Side Converter Control
The main function of grid side converter is to maintain d.c. link voltage constant as well as to facilitate the bi-directional power flow between rotor side converter and grid in sub as well as super synchronous mode At d.c. link: (13) 
The control equations of the grid side converter are: 
Rotor Side Converter Control
Control on the rotor end converter is used to program the active and reactive power generated by the DFIG. As the d-axis is aligned along the stator voltage vector, as per equation (11) 
In stator voltage oriented control, 
From equation (6) 1 [] 
Rotor End Converter Control
Since the control of induction generator is through rotor currents, stator quantities are represented in terms of rotor quantities. 
Equations (37) and (38) can be expressed as control equations having compensating terms as: 
Stator Flux Estimation
It is calculated mathematically using the following equations. 
Results and Discussion
Simulation has been done on a 1.5 Mw, 690V,50 Hz, 4 pole DFIG. Maximum power point tracking has been done by obtaining a look up table of maximum power points and the corresponding turbine speed for different values of wind speeds. The desired value of generator speed has been achieved using a PI controller in rotor converter control and deriving the reference value of Idr from the error in speed in case of stator voltage oriented control and that of Iqr in stator flux oriented control. Figure 9 shows the performance of the system when rotor converter is controlled in stator flux oriented reference frame. At t=3sec., there is a change in wind speed from 9m/s to 12m/s. Rotor speed variation is from 0.9pu to 1.1pu. Reactive power is maintained at zero for unity power factor operation. Active power varies from 0.6 Mw to 1.42 Mw. There is an increase in Iqr corresponding to active power increase from 0.6 Mw to 1.42 Mw while change in Idr is zero. On the other hand, Figure 10 shows the waveforms of the system when rotor converter is controlled using stator voltage oriented frame of reference. In this case, voltage is oriented along d-axis. Rotor Current (pu) 
Conclusion
Complete mathematical formulation of rotor side converter control using grid voltage oriented control as well as stator flux orientation control has been derived from the basic equations used in DFIG modelling. Both the control strategies have been simulated in MATLAB for a 1.5 Mw, 690 volts, 50 Hz, 4 pole DFIG connected to grid. The performance of the system using both the techniques has been shown in Figures 9 and  10 . Stator flux oriented control is useful for standalone wind energy conversion systems as there is no grid and fixed stator voltage which could be used for vector orientation purposes. 
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